The rather unintuitive and non-linear behavior of plastics melts is a well-known obstacle in the design and manufacturing cycle of profile extrusion dies. This is reflected, for example, in the so-called running-in experiments, in which the already manufactured die is modified up to 15 times until the final product, shaped by the die, matches the quality requirements. Besides a homogeneous outflow velocity and thus homogeneous material distribution, an appropriate die swell is a second design objective which complicates the reworking of the manufactured die.
Introduction
In extrusion, material is pushed or drawn through an extrusion die of desired cross-section to create objects with a continuous profile. However, in plastics extrusion the cross-section of the die significantly differs from the final product's cross section due to the material dynamics. Generally, the die exerts mainly compressive and shear stresses, which the plastic handles in different ways compared to a Newtonian material. Because of these non-Newtonian properties, profile extrusion dies for plastics usually exhibit quite non-intuitive shapes and require a large amount of experience-based knowledge on the part of the designer [1] . Simulation and, most recently, optimization tools are often used to evaluate first designs before manufacturing. The shown results are calculated utilizing a framework built around the in-house flow-solver XNS [2] , recently. XNS has been coupled with a T-Spline based geometry kernel [3] inside the mentioned optimization framework, creating the basis for the integration with a variety of optimization algorithms [4] . Several objective functions concerning a homogeneous material distribution at the outflow have been extensively developed and experimentally validated [5] .
In this manuscript, the governing equations are explained briefly in Section 2 with a more detailed description of the framework and the aforementioned geometry features in Section 3. In Section 4, we discuss the numerical results related to specific geometry features. In addition to an L-profile, which served as the development basis for the geometry features, the performance of the features was also evaluated on an industrially relevant floor-skirting die, which has been designed in cooperation with Doellken, Gladbeck. Finally, Section 5 provides a summary and gives a brief outlook on future work.
Governing Equations
Polymeric flow through extrusion dies has all properties of creeping flow, i.e., low velocity u, high viscosity η, constant density ρ and very low Reynolds number Re << 1 in a closed region Ω. This is sufficiently described by the steady Stokes equations:
with the stress tensor:
being split in an isotropic first term and a deviatoric second term involving the rate of strain tensor:
To take shear-thinning into account, we apply the Carreau-model [6] to describe the viscosity η as a function of the shear rateγ:
with A being the viscosity at zero shear rate, B being the transition point from almost Newtonian to shear-thinning behavior and C yielding the decreasing values of shear viscosity for increasing shear rate. If the heating is well designed, the temperature distribution can be approximated as being homogeneous in a steady-state flow, thus temperature is neglected in this model.
Considering shape optimization, Eq. 1 acts as a constraint c in the minimization of an objective function J:
where α are the design parameters, representing the geometry, and x are the mesh coordinates.
Method
We employ an in-house framework depicted in Fig. 1 , including the flow solver and, considering optimization, a well-established objective function quantifying the homogeneous velocity distribution at the outflow [5, 7, 8] . Furthermore, the framework consists of the aforementioned T-Spline based geometry kernel, parametrizing an initial CAD design and adjusting the mesh using the elastic mesh update method [9] , an optimization driver BOBYQA [10] , which defines the direction and step-size in the search space of feasible solutions, based upon the value of a suitable objective function. The objective function employs a subdivision of the outflow of the extrusion die into several sections and computes the variance of the local average velocity compared to the overall outflow velocity:
In the case where the average velocity of each sectionū section is equal to the overall average velocitȳ u, the objective function will reach its minimum value of zero and a perfectly homogeneous outflow velocity distribution would be established. However, due to large areas of low velocities near corners or edges caused by wall adhesion, among other factors, this is hard to realize. In practice, such issues are solved by using specific non-intuitive geometry features during die development to alter the material flow. The logical consequence is to implement these features during the phase of simulation and numerical shape optimization. Therefore, results this paper's approach of altering the die geometry by experienced manufacturer's recommendation with a specific set of geometry features shown in Fig. 2 . Utilizing a standard L-profile die, three key geometry features, inlet, nose and bone were tested for their influence on the objective function. The inlet feature compensates different leg widths, the nose feature separates the flows through the legs and the bone feature pushes more material into edges to compensate large areas of wall adhesion.
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As expected, the inlet and the nose features have the highest impact on the homogenization of the outflow velocity distribution. While the variation of the inlet width controls the overall pre-distribution of material into the separate profile die legs, the nose feature inhibits cross flow from one leg to the other. The cross flow was caused by local changes of the cross-section, that is, pressure changes resulting in material transport between the legs, amplified by the shear-thinning property. On the other hand, the geometry feature bone has a minor effect on the outflow velocity distribution. Especially, when it is applied far away from the outflow it was hardly possible to see any effect.
Inlet. The inlet geometry feature was realized as the modification of the angle of the plane between the outlet and the inflow, producing a bigger inlet for the wider legs of the profile die with increasing value of the controlling design parameter α I . Beginning with the initial geometry, the optimal inlet feature resulted from a mapping of the parameter space, with the variation of the objective function shown in Fig. 3 . It was observed that the value of the objective function reduced quadraticly with increasing α I as a result of the deformation, as seen in Fig. 3 . Due to the strong mesh distortion, it wasn't possible to further deform the die; however, the flattening between α I = −4 and α I = −6 implies a minimum, which means that an even larger deformation would most likely no longer have a positive effect on the velocity distribution.
Nose. The nose geometry feature was realized as a material accumulation-looking like an inside fillet in the model-at the inside-corners and was applied along the whole length of the die. It effectively increases the no-slip area, with the intended effect of decreasing the material velocity in these regions and furthermore inhibiting cross-flow. In this case, the value of the objective function reduced linearly with increasing α N , as shown in Fig 4. Bone. The bone geometry feature should take into account that the end pieces in the die have a relatively large amount of no-slip area. Similarly to the nose feature, the end pieces are enlarged, which increases the influx of material into that region. In this last case, the value of the objective function didn't reduce significantly. Fig. 4 : Objective function for an enlarged nose geometry feature. The larger α N , the greater the diameter of the nose feature is produced by the geometry kernel.
(a) Initial die with respective outlet velocity distribution.
(b) Optimized die with respective outlet velocity distribution. Fig. 5 : Initial and optimal velocity distribution and die geometry using all features. Velocity is shown in the same fashion and units as before.
Combination. Combining all the geometry features, resulted in a visible improvement of the outflow velocity distribution, as shown in Fig. 5b , which is also reflected in the convergence of the average outflow velocity of the single sections towards the overall average outflow velocity, as shown in Fig. 6 . 
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The Current State-of-the-Art on Material Forming Application to an industrially relevant die. Applying the same features on an industrially relevant profile die resulted in a significantly better outflow velocity distribution, as seen in Fig. 7 . Besides the lower outflow velocity at the small arm, the corresponding increase at the larger arms contribute to a homogeneous velocity profile at the outflow.
(a) Initial die with the corresponding outlet velocity distribution.
(b) Optimized die with the corresponding outlet velocity distribution. Fig. 7 : Application of the developed geometry features to an industrially relevant die. Designed in cooperation with Doellken, Gladbeck. Velocity is shown in the same fashion as before.
Conclusion & Outlook
In this paper, the application of known geometry features, used by die manufacturers, on an L-shaped profile die was investigated in the context of a numerical shape optimization framework with regard to a homogeneous outflow velocity distribution as the objective function. It was demonstrated that the geometry features have different effects on the material distribution in the die and also on the objective function.
It was observed that the application of the distinct geometry feature modifications is more effective if it follows a similar sequence as it is used during manufacturing, as the order in which those modifications are applied alters the search space of feasible solutions in unforeseeable ways. Hence, the overall process favors the optimization of specific geometry parameters prior to their combination. The recommended order is inlet, nose, combining these and on top of that adding bone for fine-tuning. These results coincide with prior work by [4] , which argues that the optimization algorithm stalls at large local minima instead of getting to a global optimum far away.
In this way, the foundation for an algorithm which applies specific geometry features in the geometry kernel of the framework to a given die was laid. Consequently, an important step was made towards automatic die optimization in the sense of inverse design of a profile cross-section.
According to Szarvasy et al. [11] , a correct profile is acquired when the thickness distribution along a skeleton line is obtained. Here, we have focused on establishing a matching skeleton line and investigating new tools to establish it. In the future, the focus will be on realizing a required thickness distribution influenced by die swell and the impact of the shown geometry features on an adequate objective function. Furthermore these finding will be transferred to related work we are conducting on numerical shape optimization of moulds for die casting.
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